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Abstract

The normal intervertebral disc (IVD) is a poorly innervated organ supplied only by sensory (mainly nociceptive)

and postganglionic sympathetic (vasomotor efferents) nerve fibers. Interestingly, upon degeneration, the IVD

becomes densely innervated even in regions that in normal conditions lack innervation. This increased innerva-

tion has been associated with pain of IVD origin. The mechanisms responsible for nerve growth and hyperinner-

vation of pathological IVDs have not been fully elucidated. Among the molecules that are presumably involved

in this process are some members of the family of neurotrophins (NTs), which are known to have both neuro-

trophic and neurotropic properties and regulate the density and distribution of nerve fibers in peripheral tis-

sues. NTs and their receptors are expressed in healthy IVDs but much higher levels have been observed in

pathological IVDs, thus suggesting a correlation between levels of expression of NTs and density of innervation

in IVDs. In addition, NTs also play a role in inflammatory responses and pain transmission by increasing the

expression of pain-related peptides and modulating synapses of nociceptive neurons at the spinal cord. This

article reviews current knowledge about the innervation of IVDs, NTs and NT receptors, expression of NTs and

their receptors in IVDs as well as in the sensory neurons innervating the IVDs, the proinflammatory role of NTs,

NTs as nociception regulators, and the potential network of discogenic pain involving NTs.
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Introduction

The intervertebral disc (IVD) of vertebrates, including

humans, is the main joint between two consecutive verte-

brae in the vertebral column. Each IVD consists of three dif-

ferent structures: (i) a gelatinous core called the nucleus

pulposus (NP); (ii) an outer ring of fibrous tissue named the

annulus fibrosus (AF) that surrounds the NP; and (iii) two

endplates of hyaline cartilage that cover the upper and

lower surface of both the AF and NP, and serve as an inter-

face between the disc and the vertebrae (for a review see

Roberts et al. 2006; Raj, 2008). The cells that form the AF,

particularly in the outer region, are fibroblast-like and

arranged parallel to the collagen fibers, whereas those in

the inner AF are chondrocyte-like. The NP contains collagen

fibers that are randomly distributed and elastin fibers that

are radially organized embedded in a highly hydrated agg-

recan-containing gel. There are a few chondrocyte-like cells

in the NP.

The normal IVD is considered as an organ that is poorly

innervated supplied only by sensory and sympathetic peri-

vascular nerve fibers. Most of the studies performed in dif-

ferent animal species, including human, have demonstrated

that nerve fibers in IVDs are found mostly in the periphery

of the AF (see for references Edgar, 2007; Raj, 2008). The

sensory fibers that innervate the IVD are mainly nociceptive

and, to a lesser extent, proprioceptive. The postganglionic

sympathetic fibers are considered vasomotor efferents (see

Aoki et al. 2004a,b). Nevertheless, in human degenerated

IVDs, as well as in animal models of IVD degeneration, the

number of nerve fibers in the IVD increases (see Johnson
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et al. 2007); what is associated with pain of IVD origin,

however, and the mechanisms responsible for nerve growth

and hyperinnervation of the lumbar IVD have not been

fully elucidated.

Among the molecules that are presumably involved in

IVD hyperinnervation are growth factors that are members

of the neurotrophin (NT) family and that are known to be

neurotrophic and neurotropic factors (Levi-Montalcini,

1987; Barbacid, 1994, 1995; Huang & Reichardt, 2001). It has

been proposed that the degenerating IVD can synthesize

and release ‘neurogenic’ factors that attract nerve fibers to

it (see for references Colombini et al. 2008; Hadjipavlou

et al. 2008) and, as the availability of NTs regulates the den-

sity and distribution of sensory and sympathetic nerve fibers

in peripheral tissues, NTs are good candidates as mediators

in this pathogenic mechanism. However, although most of

the currently available evidence supports a positive correla-

tion between increased innervation, discogenic pain and

NTs, it remains unclear whether nerve ingrowth is a conse-

quence of the action of neurotrophic ⁄ neurotropic factors in

the IVD or a side effect of the normal wound-healing

events in injured IVDs (Olmarker, 2005).

In recent years different components of the NT system,

both NTs and their signaling receptors (NTRs), have been

found in healthy IVDs in innervated regions and in regions

lacking sensory or sympathetic innervation (Gruber et al.

2008; Purmessur et al. 2008). Furthermore, increased levels

of NTs and NTRs were observed in IVDs with symptoms of

degeneration and in IVDs from patients suffering discogen-

ic pain (Freemont et al. 2002b; Purmessur et al. 2008). These

data strongly suggest that, as occurs in other tissues, there

is a positive correlation between levels of expression of NTs

and density of innervation in the IVD (Yamauchi et al.

2007).

In addition to their role during the development of the

nervous system, NTs also play a role in inflammatory

responses and in pain transmission. In fact, NTs, and in par-

ticular nerve growth factor (NGF), can act as cytokines (Levi-

Montalcini et al. 1996) influencing development, differenti-

ation, chemotaxis and mediator release of inflammatory

cells, as well as fibroblast activation, through complex net-

works that involve other proinflammatory cytokines (Bonini

et al. 2003). Furthermore, NTs are known to play key roles

in immunocompetent cells by participating in inflammatory

responses (Tessarollo, 1998; Sariola, 2001; Vega et al. 2003,

2004) and in sensing pain, as NT signaling increases expres-

sion of pain-related peptides, which are modulators of the

synapses of the spinal cord pain pathways (Bennet, 2001;

Pezet & McMahon, 2006; Merighi et al. 2008).

From the data above four main questions arise. First, is

there a correlation between NT levels in the IVD and the

density and distribution of sensory nerves? Second, are the

resident cells in the IVD a source of NTs and why are these

molecules expressed in non-innervated tissues like the IVD?

Third, do NTs have a non-nervous role regulating inflamma-

tory processes or as pain modulators in the degenerating

IVD? Fourth, what is the role of NTs in the pathogenesis of

discogenic pain?

What is discogenic pain? The vertebral column is a

complex group of nerves, joints, muscles, tendons and lig-

aments, all which are capable of causing pain. However,

a tissue can generate pain only if it is innervated. Thus,

we consider discogenic pain as the pain originating from

chemically or mechanically damaged IVDs due to irrita-

tion of the nerves innervating the IVDs. It can be distin-

guished from other types of pain, which usually originate

from muscles, bones, vertebral joints other than IVDs or

other structures in the spine. A damaged IVD releases

nociceptive molecules and growth factors that promote

nerve ingrowth into the disc (see Hurri & Karppinen,

2004; Takahashi et al. 2008; Freemont, 2009). This view is

supported by findings that injections of local anesthetics

in damaged IVDs eliminate acute pain (Hyodo et al.

2005).

Sensory innervation of intervertebral discs

Origin of the intervertebral disc nerves

Although the IVD is usually referred to as aneural, nerve

fibers have been observed within it, often accompanying

blood vessels but also independently. The IVD is innervated

by branches of the sinuvertebral nerve, by nerves derived

from the ventral rami of spinal nerves or by nerves derived

from gray rami communicantes (see for references Takahasi

et al. 2009). Furthermore, IVDs also receive innervation

from two dense nerve interconnected plexuses located in

the anterior and posterior common vertebral ligaments

(Bogduk, 1983; Groen et al. 1990; Suseki et al. 1998)

(Fig. 1).

Although the innervation of the IVD has been extensively

studied, the impossibility of performing experiments in

humans limits research and most of the available data have

been obtained from experimentation performed in rats.

The origin and paths of sensory nerves innervating the IVD

have been established using the retrograde fluorogold trac-

ing method.

It is accepted that the lumbar IVDs, which are the main

source of discogenic pain in humans, are innervated seg-

mentarily (see Aoki et al. 2004a,b). However, the ventral

segments of the rat lower lumbar IVDs are innervated by

upper (L1–L2) dorsal root ganglion (DRG) neurons (Takah-

ashi et al. 1993, 1996; Morinaga et al. 1996; Sameda et al.

2003) and the nerve fibers innervating the posterolateral

portion of the IVD (the region of the IVD in which lesions

occur most frequently in humans) come from the upper

and lower DRG (T13–L6) but are mainly localized in L1–L2

DRGs (Ohtori et al. 1999; Aoki et al. 2004a). Nerve

fibers reach the IVD through the sinuvertebral nerves or

from branches of the paravertebral sympathetic trunks
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(Nakamura et al. 1996b; Suseki et al. 1998; Takahashi et al.

1998, 2003; Ohtori et al. 1999, 2001a,b).

Extrapolation of these data from rat to human must be

performed with caution; however, the observations made

in rats could explain why the blockade of some nerves is

effective in abolishing discogenic pain (Connally & Sanders,

1991; Nakamura et al. 1996a).

Characterization of nerve fibers innervating healthy

intervertebral discs

The pioneer descriptions of the IVD innervation using silver

impregnation methods reported that nerves are limited to

the more external lamellae of the AF and that intradiscal

nerve fibers are rare (Roofe, 1940; Ehrenhaft, 1943; Wiberg,

1947; Pederson et al. 1956). These observations were made

on normal IVDs from a large series of animal species, includ-

ing humans (Fig. 2, top). In the last decades, using specific

methods to detect neuronal markers or specific peptides

expressed by nociceptive and sympathetic nerve fibers, the

pattern of innervation of IVDs was confirmed when free

nerve fibers that express protein gene product 9.5, neurofi-

lament (NFP) 68-kDa protein, growth axonic protein 43,

substance P (SP) or calcitonin gene-related peptide (CGRP)

were detected in the AF (see for references Ohtori et al.

2002; Aoki et al. 2005; Takahasi et al. 2009).

In the human normal IVD, protein gene product 9.5-posi-

tive nerve fibers, either associated with blood vessels or

distant from them, innervate the outer layers of the AF

(Coppes et al. 1990; Konttinen et al. 1990; Ashton et al.

1994; Roberts et al. 1995; Brown et al. 1997; Palmgren et al.

1999; Willenegger et al. 2005). These fibers are also positive

for acetylcholinesterase, NFP, SP, CGRP, vasoactive intestinal

polypeptide (VIP), neuropeptide Y, C-flanking peptide and

synaptophysin (Ashton et al. 1994; Coppes et al. 1997; Palm-

gren et al. 1999). The nerves entering the rat IVD have an

identical expression pattern (Weistein et al. 1988; McCarthy

et al. 1991, 1992; McCarthy, 1993).

In addition to nociceptive nerve fibers, human IVDs con-

tain mechanoreceptors in the outer two to three lamellae

of the AF. Their morphology resembles Pacinian corpuscles,

Ruffini endings and, most frequently, Golgi tendon organs

(Roberts et al. 1995).

Sensory fibers in the IVD arise from neurons localized in

DRGs. The vertebrate DRGs contain heterogeneous neuro-

nal populations, which can be classified according to the

neuronal size, ultrastructural features (large pale, small dark

and intermediate), neuropeptide and neurotransmitter

content, cytoskeleton composition, cytosolic proteins, ion

channel expression or growth factor dependence (see for

references Montaño et al. 2009). Each type of DRG neuron

has different endings in both the spinal cord and in the tar-

get organs and transmits information of different sensory

modalities to the central nervous system (Perl, 1992). It is

currently accepted that the largest DRG neurons are propri-

oceptive and innervate sensory organs in muscle and joints;

the neurons in the mid-size range innervate peripheral me-

chanoreceptors; and the small-diameter neurons are related

Fig. 1 Schematic representation of the innervation of the intervertebral disc (IVD). Nociceptive sensory fibers originate in the dorsal root ganglia

(DRGs) (red) and postganglionic sensory nerve fibers (blue) enter the outer part of the annulus fibrosus. Nerves in the IVD arise from the

sinuvertebral nerve, from spinal nerves or from grey rami communicantes. In addition, mechanical nerve fibers originate in the DRGs and coming

from the anterior and posterior longitudinal ligament innervate the external layers of the annulus fibrosus of the IVD.
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to different types of nociceptors (Lawson, 1992; Perl, 1992;

Koltzenburg et al. 1997).

The IVD is primarily innervated by small DRG neurons,

which are classified based on their stimulus–response

function and also based on their neurochemistry and con-

nectivity (Lawson, 1992). In fact, small DRG neurons

are classified into peptidergic NGF-dependent and non-

peptidergic glial cell-line derived neurotrophic factor

Fig. 2 Schematic representation of the innervation of normal (top) and degenerated (bottom) intervertebral discs (IVDs), as well as the origin of

sensory nerve fibers that innervate them. In the normal IVD, innervation is restricted to the outer layers of the annulus fibrosus (AF) and consists of

small nerve fibers (red and green) and some large fibers forming mechanoreceptors (brown). In the degenerated IVD, nerve fibers are increased in

number and they enter the inner layers of the AF and even the nucleus pulposus (NP). Furthermore, in these conditions, the density of

mechanoreceptors in the superficial layers of IVDs is increased. Dorsal root ganglia (DRGs) contain different types of sensory neurons that project

to the IVD and to the dorsal horn of the spinal cord (DH of SC). Thin myelinated Ad fibers and unmyelinated C fibers arise from small neurons

(red and green), which, in the spinal cord, synapse in lamina I and II and mediate nociception. The myelinated Ab fibers (brown) arise from

intermediate neurons; at the periphery they form slowly and rapidly adapting low-threshold mechanoreceptors, and synapse in lamina III and IV in

the dorsal horn of the spinal cord; they mediate sensations of touch, pressure and vibration. Most of the sensory nerve fibers innervating the IVD

are Ad or C fibers. They originate from small peptidergic neurons expressing TrkA ⁄ TrkB (the receptor for nerve growth factor/brain-derived

neurotrophic factor; red) or non-peptidergic neurons expressing the common signaling receptor for glial cell-derived neurotrophic factor family of

neurotrophic factors (Ret) (red). Neurons in DRGs can be differentiated based on their pattern of expression of receptors for neurotrophic factors,

pattern of expression of different ion channels primarily of the degenerin ⁄ epithelial sodium channels (DEG ⁄ ENaCs) (ENaCa, b and c; acid-sensing

ion channel (ASIC)1, ASIC2 and ASIC3) and transient receptor potential (TRP) (TRPA1, TRPC1, TRPC6 and TRPV1-4) families, and peptide content.

CGRP, calcitonin gene-related peptide; GFRa1 and GFRa3, glial cell-line-derived neurotrophic receptor subtypes a1 and a3; P2X3, ATP-gated ion

channel subtype P2X3; SP, substance P; TMP, thiamine monophosphatase; VR1, vanilloid receptor subtype 1.
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(GDNF)-dependent neurons. They consistently express the

high-affinity NGF and brain-derived neurotrophic factor

(BDNF) receptors TrkA and TrkB or the GDNF receptor

Ret, respectively (Silverman & Kruger, 1990; Snider &

McMahon, 1998; Salio et al. 2005; Merighi et al. 2008; see

also Ernsberger, 2009; Valdes-Sanchez et al. 2010). The

characteristics of these two types of neurons are summa-

rized in Fig. 2 (Averill et al. 1995; Molliver et al. 1997;

Bennett et al. 1998). The NGF-dependent population rep-

resents roughly 40% of DRG neurons, whereas the GDNF-

dependent population represents roughly 30%; the per-

centage of BDNF-dependent neurons has not yet been

established (Silverman & Kruger, 1990; Averill et al. 1995;

Valdes-Sanchez et al. 2010). There are also electrophysiologi-

cal differences between these two types of neurons that

demonstrate that they are functionally different (Stucky &

Lewin, 1999) and, whereas NGF-dependent neurons are criti-

cal to hyperalgesic responses induced by inflammation

(Woolf et al. 1994; Mantyh et al. 1997; Koltzenburg et al.

1999), the GDNF-dependent neurons are important in neu-

ropathic pain (Malmberg et al. 1997). The nociceptive DRG

neurons form free nerve endings in the tissues that are their

targets of innervation and project to lamina I and the outer

part of lamina II (Perl, 1992; see for a recent review Merighi

et al. 2008).

Both types of small DRG neurons innervate the IVD

(Fig. 2, top). Most of them are small, NGF-dependent noci-

ceptive neurons. Thus, they are positive for SP and CGRP,

the vanilloid receptor 1 (TRPV1) and P2X(3), all of which are

proteins associated with sensing pain, and express the high-

affinity (TrkA) and low-affinity (p75NTR) receptors for NGF.

In contrast, the percentage of Ret-positive ⁄ TrkA-nega-

tive ⁄ NGF-independent neurons innervating the IVD is very

low (Fig. 2, top).

A remarkable finding in the field of the sensory

innervation of IVDs was the demonstration that in normal

conditions some NGF-dependent DRG neurons express

BDNF (8–24%; Ohtori et al. 2003) as this protein participates

in nociceptive transmission (see Merighi et al. 2008).

Nerve supply and characterization of nerve fibers

innervating degenerating and painful intervertebral

discs

In human and animal models of degenerating IVDs, espe-

cially in painful IVDs, it has been observed that innervation

is increased and that the nociceptive nerve fibers grow into

what are usually aneural inner parts of the AF and even

into the NP, sometimes together with blood vessels (Fig. 2,

bottom). The immunohistochemical profile of nerve fibers

and neurons innervating the pathological IVDs is identical

to that reported in normal conditions; thus, the differences

in the pattern of innervation of the IVD in normal condi-

tions in comparison with degenerated conditions are

quantitative rather than qualitative (Coppes et al. 1990;

Ashton et al. 1994; Brown et al. 1997; Freemont et al., 1997;

Johnson et al. 2002; Melrose et al. 2002; see Takahasi et al.

2009). Interestingly, there is increased expression of NGF in

parallel with the hyperinnervation of the IVD (Kokubo et al.

2008).

However, Roberts et al. (1995) and Coppens et al. (1997)

observed in degenerated IVDs an increase in the number of

Golgi-tendon organ-like structures such as Ruffini’s and

Pacinian corpuscles.

In addition to the sensory nerve fibers, there is grow-

ing evidence that sympathetic afferents are also increased

in degenerating IVDs and that they play a significant role

in lower back pain (see for a review Takebayashi et al.

2006).

Neurotrophins and their receptors

The family of NTs consists of four members: NGF, BDNF, NT-

3 and NT-4 ⁄ 5 (Barbacid, 1994, 1995; Lewin & Barde, 1996).

Except for NT-4 ⁄ 5, which is absent in avian species, the NT

sequences are highly conserved phylogenetically in verte-

brates (Hallböök et al. 2006). Two additional NTs named

NT-6 (Götz et al. 1994) and NT-7 (Lai et al. 1998; Nilsson

et al. 1998), both with NGF-like activity, have been isolated

and cloned in fish.

The NTs are synthesized as immature precursors that are

proteolytically cleaved inside the cell to release C-terminal

mature products (Teng & Hempstead, 2004). Nevertheless,

peptides generated from pro-NGF and pro-NT-3 also seem

to be active as they are able to bind to and activate NT

receptors, especially a complex of p75NTR and sortilin

(Barrett, 2000; Lee et al. 2001; Chao & Bothwell, 2002;

Dicou, 2006, 2007, 2008). NGF and NT-3 are released

through a constitutive secretory pathway, whereas BDNF is

secreted through regulated pathways (see Hempstead,

2006; Schweigreiter, 2006).

The NTs activate two different types of receptors, the Trk

family of receptor tyrosine kinase and p75NTR, a member of

the tumor necrosis factor (TNF) receptor super-family, which

serves as a pan-NT receptor (Lu et al. 2005; Reichardt, 2006).

The Trk receptors are a family of transmembrane glycopro-

teins, which includes three members, TrkA, TrkB and TrkC

(Fig. 3). They have similar organization: an intracellular

tyrosine kinase domain, a short transmembrane sequence

and an extracellular region containing a signal peptide,

two cysteine-rich domains, a cluster of three leucine-rich

motifs and two Ig-like domains. The full-length TrkA, TrkB

and TrkC have estimated molecular weights of 140, 145 and

145 kDa, respectively. Each Trk preferentially binds a single

NT. TrkA is the receptor for NGF, both BDNF and NT-4 ⁄ 5
bind to TrkB, and NT-3 is the ligand for TrkC (Lewin &

Barde, 1996; Chao, 2003; Huang & Reichardt, 2003; Segal,

2003; Reichardt, 2006). In addition to the three full-length

Trk proteins, all three trk genes originate other protein iso-

forms by alternative splicing; they have variations both in
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the extracellular domain (TrkA) and in the intracellular

domain (TrkB and TrkC) (Vega et al. 2004; Tacconelli et al.

2005; Reichardt, 2006).

The low-affinity receptor p75NTR is a member of the TNF

receptor super-family that binds all NTs with similar affinity

but different kinetics. The p75NTR gene generates two

Fig. 3 The cells of the intervertebral disc (IVD) can be both a source and a target for neurotrophins (NTs). According to the classic neurotrophic

theory, NTs produced in the IVD, especially nerve growth factor (NGF) and brain-derived neurotrophic factor (BDNF), can be retrogradely

transported to the soma of sensory neurons (blue diamond) where they potentiate nerve growth and expression of specific neurotransmitters like

substance P or calcitonin gene-related peptide, as well as other molecules related to nociception. Interestingly, the dorsal root ganglion (DRG)

neurons innervating IVDs express receptors for these NTs. However, DRG neurons that innervate the IVD also produce NTs, which can be

transported anterogradely to the IVD (especially NGF) and interact with NTRs expressed in the nucleus pulposus cells stimulating the production of

several molecules. Furthermore, they can reach the dorsal horn of the spinal cord (especially BDNF; red diamond) to modulate synaptic

transmission. Finally, expression of both NTs and NTRs in cells of the IVD strongly suggests autocrinia and ⁄ or paracrinia.

Fig. 4 Schematic representation of the structure of p75NTR, sortilin, Nogo receptor (NgR) and Trk receptors, and of the neurotrophins (NTs) and

pro-NTs that bind each of them. Arrows represent NT binding possibilities to neurotrophin receptors (NTRs). Five different isoforms of TrkA have

been isolated, some of them representing tissue-specific isoforms. Isoforms of TrkB and TrkC include full-length, tyrosine kinase truncated (TK-T1

and TK-T2) and tyrosine kinase inserted isoforms. The low-affinity pan-NT receptor p75NTR has two isoforms, the full-length and the short p75NTR.

Sortilin and the NgR complex interact with p75NTR in mediating some actions of NTs. BDNF, brain-derived neurotrophic factor; DRG, dorsal root

ganglion; NGF, nerve growth factor.
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isoforms, full-length and short-p75NTR (von Schack et al.

2001). Structurally, p75NTR is a transmembrane glycoprotein

that lacks enzymatic activity but has a death domain

sequence (Dechant & Barde, 2002; Roux & Barker, 2002)

(Fig. 4). The short isoform of p75NTR lacks NT-binding activ-

ity but retains the ability to interact with Trk receptors

(Roux & Barker, 2002; Nykjaer et al. 2005). Finally, there is

evidence that sortilin and the Nogo receptor complex inter-

act with precursor forms of NGF and BDNF (Nykjaer et al.

2004; Jansen et al. 2007).

Upon binding to membrane receptors, NTs initiate a vari-

ety of signals that lead to regulation of cell proliferation,

differentiation and survival (Segal, 2003; Reichardt, 2006;

Skaper, 2008). Trk and p75NTR initiate different signals

depending on whether they are expressed alone or co-

expressed. NTs acting through Trks promote survival via

phosphorylation and inactivation of several proapoptotic

molecules, including Bad, and promote differentiation via

activation of the Ras ⁄ Raf ⁄ extracellular signal-regulated

kinase (ERK) ⁄ mitogen-activated protein kinase cascade

(Segal, 2003). Binding to p75NTR alone, NTs are capable of

inducing apoptosis or promote survival depending on the

intracellular adaptor molecules available (Yaar et al. 2002;

Teng & Hempstead, 2004) or acting through the NF-jB

pathway (Roux & Barker, 2002). Co-expression of Trks and

p75NTR increases high-affinity NT binding, enhances Trk

ability to discriminate a preferred ligand from the other NTs

and promotes the survival effects of the NTs (Dechant &

Barde, 2002; Roux & Barker, 2002; Teng & Hempstead,

2004). Finally, pro-NTs interacting with the p75NTR-sortilin

complex induce apoptotic death (reviewed in Nykjaer et al.

2005) and, in the case of co-expression of p75 NTR with the

Nogo receptor complex, Nogo induces growth inhibition

(reviewed in Teng & Hempstead, 2004).

The intervertebral disc cells as a source
of and a target for neurotrophins in health
and disease

Extrapolating the neurotrophic theory to IVD innervation,

and therefore assuming that the normal pattern of innerva-

tion of a tissue is related to the basal levels of NTs, a source

of NTs must exist in normal and pathological IVDs. Origi-

nally, it was accepted that NTs are produced by the tissues

that are targets of NT-dependent neurons and the NTs are

transported retrogradely to the neuron body where they

support neuronal survival (Levi-Montalcini, 1987; Delcroix

et al. 2003; Zweifel et al. 2005). Subsequently it was discov-

ered that signaling by NTs may include anterograde trophic

signaling, local trophic interactions and autocrine signaling

(see Schecterson & Bothwell, 1992; Acheson et al. 1995;

Bothwell, 1995; Robinson et al. 1996). Sensory neurons

express NTs (especially NGF and BDNF; Wright & Snider,

1995). BDNF can be anterogradely transported to the

peripheral target organs or to the dorsal horn of the spinal

cord, thus affecting their central and peripheral targets

(Fig. 4) (Salio et al. 2005, 2007; see for a review Obata &

Noguchi, 2006) but there is not convincing evidence for

anterograde transport of other NTs.

Neurotrophins and neurotrophin receptors in normal

intervertebral discs (Fig. 4, top)

NGF, which supports the survival of at least a subpopulation

of sensory neurons innervating IVDs, is expressed by cells in

the NP and AF, at both mRNA and protein levels, although

the constitutive expression is low in the NP and not detect-

able in the AF cells in vitro (Abe et al. 2007). Furthermore,

using immunohistochemistry and in-situ hybridization, both

NGF and their receptors, TrkA and p75NTR, can be detected

in the AF cells (Gigante et al. 2003) and TrkA has been

found in AF and NP cells (Abe et al. 2007; Sugiura et al.

2008). In humans, NGF and TrkA are expressed by cells of

the normal IVD in all regions (Purmessur et al. 2008). Never-

theless, Freemont et al. (2002a,b) never detected NGF, TrkA

or p75NTR in normal or degenerated IVDs.

Both BDNF and TrkB are expressed in healthy IVD cells.

The percentage of positive cells is significantly higher in the

outer AF compared with either the inner AF or the NP.

Interestingly, BDNF expression in the NP cells is upregulated

under conditions of increased osmolarity (Boyd et al. 2005;

Gruber et al. 2008).

Thus, NTs synthesized in the IVD can be transported ret-

rogradely to the DRG sensory neuron bodies where they

can regulate the expression of some neuropeptides such

as SP or CGRP. Furthermore, it is possible to speculate that

NTs other than BDNF could be transported anterogradely

from the DRG to the IVD and activate NTRs in the AF and

NP cells. When NTs produced in DRG neurons are antero-

gradely transported to the superficial layers of the dorsal

horn of the spinal cord they can also influence synaptic

transmission at this level (Fig. 5). Finally, the expression of

both NTs and NTRs in the AF and NP cells suggests, in

addition to the neurotrophic function, an autocrine or

paracrine role for these molecules in regulating the biol-

ogy of the IVD.

Neurotrophins and neurotrophin receptors in

degenerated and painful intervertebral discs (Fig. 4,

bottom)

In contrast with the lack of expression of any component of

the NT system (Freemont et al. 2002a,b) or expression at

basal levels in the normal IVD (Gigante et al. 2003; Abe

et al. 2007; Gruber et al. 2007; Purmessur et al. 2008), there

is general consensus that NGF, TrkA and p75NTR are always

expressed at increased levels in painful IVDs (Freemont et al.

2002a,b). NGF, BDNF, TrkA and TrkB are expressed by IVD

cells at every stage of degeneration, although only BDNF

is significantly increased in parallel with the degree of
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degeneration (Purmessur et al. 2008). In-vitro BDNF gene

expression in cultured AF cells has a significant positive cor-

relation with IVD degeneration (Gruber et al. 2008).

Recently, Yamauchi et al. (2009) observed that NGF from

degenerative NP promoted axonal growth and induced

expression of SP in cultures of DRG.

In addition to the IVD, in pathological conditions, addi-

tional sources of NTs are the inflammatory cells. NGF is pro-

duced, secreted and released from eosinophils, mast cells,

lymphocytes and synovial fibroblasts, chondrocytes and

macrophages (Bonini et al. 2003; Vega et al. 2003). A recent

study reported that herniated discs contain granulation tis-

sue, newly developed blood vessels and massive infiltration

of CD68-positive macrophages, which are an important

source of NTs (Kokubo et al. 2008). In other degenerating

joints, Barthel et al. (2009) have found that synovial cells

and CD14+ cells (macrophages) from patients with rheuma-

toid arthritis and spondyloarthrosis express NGF and BDNF

mRNAs.

Cytokines, neurotrophins and pain: a
complex network in intervertebral discs

The importance of NGF and TrkA in nociception has been

highlighted by observations in mice lacking expression of

these molecules (see Fariñas, 1999) and humans suffering

congenital insensitivity to pain with anhydrosis, which is

caused by TrkA mutations (Indo et al. 1996). In both mouse

and human there is unresponsiveness to painful stimuli. In

addition to the role of NGF-TrkA in the development of

nociceptors, NGF continues to play a major role in pain

processing after the primary nociceptive DRG neurons lose

their absolute dependence on NGF in the postnatal period

(Pezet & McMahon, 2006).

Fig. 5 Detectable levels of both neurotrophins (NTs) (left) and NTRs (right) can be found in healthy intervertebral discs (IVDs) (top). Nerve growth

factor (NGF) has been detected in the outer layers of the annulus fibrosus (AF) as well as in nerve fibers reaching it; a similar pattern of

distribution in the AF has also been reported for TrkA. Cultured nucleus pulposus (NP) cells also express NGF and TrkA. The more external layers

of the AF express brain-derived neurotrophic factor (BDNF) and TrkB, and BDNF is also present in NP cells. p75NTR was present in the superficial

layers of the AF as well as in the nerve fibers supplying the IVD. Degeneration of the IVD (bottom) occurs in parallel with increased levels of

expression of NTs and NTRs. NGF and TrkA are overexpressed and detected in the AF; expression of BDNF and TrkB is also increased in both the

AF and NP. Micrographs are examples of the immunohistochemical detection of NGF, BDNF, TrkA and TrkB in cells from herniated (not

degenerated) human IVDs. Positive immunostaining was also found for NT-3 (data not shown), whereas results of immunolabeling for TrkC and

p75NTR were always negative. FL, full-length; nf, nerve fibres; NgR, Nogo receptor.
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NGF is a peripheral pain mediator in different condi-

tions. Inflammation occurs simultaneously with the

upregulation and release of inflammatory cytokines and

peptides, including NGF, by the inflamed tissues (Woolf

et al. 1994; O’Connor et al. 2004) and expression of TrkA

in DRG neurons (Pezet et al. 2001). In addition to these

direct actions, NGF also modulates pain by altering the

effectiveness of the central nociceptor signals through

BDNF. Thus, to understand the role of NTs in discogenic

pain, four main aspects may be considered: (i) the proin-

flammatory cytokines as regulators of NGF synthesis; (ii)

the role of NTs, especially NGF, in regulating nerve

ingrowth in IVDs in inflammation or degenerating

pathologies; (iii) the regulation of the synthesis of pain-

related peptides (SP and CGRP) and pain neuromodula-

tors (BDNF) by NGF, and the anterograde transport and

release of pain-related molecules from DRGs to inflamed

tissues; and (iv) the role of SP, CGRP and BDNF in the

transmission of pain in the dorsal horn of the spinal

cord. Thus, the neurotrophic and neurotropic activities,

as well as the sensitizing effects of NGF, lead us to

believe that NGF expressed during IVD degeneration

contributes to both the nerve ingrowth into the IVD

and the changes in gene expression of DRG neurons.

Proinflammatory cytokines regulate the expression

and synthesis of NGF

The NGF levels of expression increase in a variety of inflam-

matory conditions (see Pezet & McMahon, 2006). In these

circumstances, constitutive NGF expression can be upregu-

lated and ex-novo NGF production can be triggered in a

variety of cells including mast cells and macrophages. The

stimuli for this increased NGF production include interleukin

(IL)-1b, TNF-a, platelet-derived growth factor, IL-4 and trans-

forming growth factor-b (Safieh-Garabedian et al. 1995;

Woolf et al. 1997; see for references Lee et al. 2009)

(Fig. 6A).

In painful IVDs the levels of proinflammatory media-

tors are higher than in the asymptomatic IVDs, suggest-

ing that an inflammatory state is present (Burke et al.

2002). Cells from herniated and degenerated IVDs pro-

duce and release TNF-a, IL-1b and IL-8 (Takahashi et al.

1996; Rand et al. 1997; Ahn et al. 2002; Lee et al. 2009),

and both IL-1b and TNF-a, in turn, upregulate NGF

mRNA expression and the secretion of NGF protein in

cultured human IVD cells (Abe et al. 2007). Also, cells

isolated from human NP in the presence of IL-1b signi-

ficantly increase NGF and BDNF gene expression,

Fig. 6 Schematic representation of the possible mechanisms involved in the genesis of the discogenic pain. (A) Inflammation causes release

of proinflammatory cytokines in the intervertebral disc (IVD), which act on mast cells and macrophages to trigger secretion of NGF. Cells in

the IVD upregulate expression of NGF and substance P (SP) during inflammation. Increased levels of NGF can be retrogradely transported to

dorsal root ganglia (DRGs) or stimulate mastocytes and macrophages locally initiating a positive feedback loop. (B) Increased levels of NGF

reaching the DRGs act on TrkA-expressing neurons inducing expression of peptides that mediate pain [SP and calcitonin gene-related peptide

(CGRP)]. The increased levels of NGF in the IVD, as well as the breakdown of the IVD aggrecans, result in ingrowth of nociceptive nerve

fibers and, presumably, in anterograde transport to the IVD, which maintains pain. (C) Synaptic transmission in lamina I and II of the dorsal

horn of the spinal cord is mediated by SP and CGRP. In addition, brain-derived neurotrophic factor (BDNF) produced in DRGs projects to the

same spinal cord laminas and modulates pain transmission. (D) These complex networks are able to originate and maintain pain of IVD

origin.
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whereas treatment with TNF-a was associated with

upregulation of SP in these cells (Purmessur et al. 2008).

Recently, it was demonstrated that levels of NGF and SP

are increased in human painful IVDs (Richardson et al.

2009).

The NGF released in inflamed IVDs may act directly on

nociceptive fibers and neurons to trigger its hyperalgesic

effects but it also appears to have a number of indirect

actions in mast cells and macrophages to stimulate the

release of mediators. The binding of NGF to Trk and

p75 expressed by nociceptors initiates complex signal

transduction pathways that result in the activation of

transcription factors such as NF-jB, which induces the

expression of a large number of proinflammatory cyto-

kines (Wallach et al. 2002). Therefore, the inter-relation-

ships between NGF and inflammatory cytokines are

complex and reciprocal (Cunha & Ferreira, 2003; Thacker

et al. 2007; Spedding & Gressens, 2008; Uçeyler et al.

2009).

Upregulation of NGF expression occurs

simultaneously with nerve ingrowth in degenerating

intervertebral discs

As indicated above, increased levels of NTs and NTRs in IVDs

undergoing signs of degeneration or in IVDs from patients

suffering discogenic pain occur in parallel with increased

innervation (Freemont et al. 2002b; Coppes et al. 1990,

1997; Palmgren et al. 1996, 1999; Freemont et al. 1997;

Brown et al. 1997; see Johnson et al. 2001, 2007; Holm et al.

2002; Kokubo et al. 2008; Purmessur et al. 2008). These data

strongly suggest that there is a positive correlation between

the levels of NTs and density of innervation in the IVD

(Yamauchi et al. 2007). However, TNF-a could also influence

nerve ingrowth because in-vitro experiments demonstrate

that it is more effective in inducing the expression of

growth axonic protein 43 in NGF-sensitive neurons than in

GDNF-sensitive neurons (Aoki et al. 2007).

As hyperinnervation of the IVD was observed almost

exclusively in painful discs, ‘nerve ingrowth’ into the inner

parts of IVDs may be one of the causes of chronic discogenic

pain. Nevertheless, this hypothesis cannot be accepted

while it is not supported by experimental data. In fact, a

rabbit annular-puncture model of IVD degeneration dem-

onstrated that, in the degenerated IVD, nerves are only

occasionally observed in the outermost part of the AF and

no nerves can be found in scar tissues formed outside the

discs, only in the scar tissues on the surface of the puncture

(Aoki et al. 2006), suggesting that nerve ingrowth is associ-

ated with the process of tissue repair rather than the

degenerative process itself.

Although it is evident that a positive correlation exists

between the NT levels and the density of innervation in

IVDs, other factors in addition to NTs must be considered to

explain the hyperinnervation observed in degenerating

IVDs. The extracellular matrix of both the AF and NP con-

tains large amounts of proteoglycans, principally aggrecans

(see for a review Feng et al. 2006). One of the most signifi-

cant biochemical changes that occur in IVD degeneration is

the loss of large proteoglycans and increase of small proteo-

glycans (for a review see Urban & Roberts, 2003). The nor-

mal aggrecans from human IVDs are able to inhibit nerve

growth (Johnson et al. 2002) and therefore may explain in

part why IVDs are not innervated or are poorly innervated.

Nevertheless, when IVDs degenerate, the absence of normal

amounts and proportions of aggrecans may result in nerve

ingrowth. However, behind this simple explanation there is

a high degree of complexity as more factors are involved;

for example, the activation of matrix metalloproteases

responsible for breakdown of the extracellular matrix in the

degenerating IVD is simultaneous with elevated levels of

NGF (Richardson et al. 2009).

Finally, it is still unclear whether such nerve ingrowth in

IVDs is a part of the normal tissue repair and wound heal-

ing, and thus accompanies neo-angiogenesis (see Olmarker,

2005). Both the neo-vascularization and neo-innervation

are induced by bioactive molecules produced in pathologi-

cal IVDs (Melrose et al. 2002; Olmarker, 2005; Lee et al.

2009) and NGF itself has also been identified as a proangio-

genic factor (Szekanecz & Koch, 2007).

NGF regulates the synthesis of nociceptive

neuropeptides and brain-derived neurotrophic factor

NGF regulates gene expression in small-size TrkA-expressing

DRG neurons. In the presence of NGF, the expression of SP

and CGRP increase at both mRNA and protein levels

(Malcangio et al. 1997; Malcangio et al. 2000; Pezet et al.

2001) (Fig. 6B). In addition, a number of receptors and pro-

teins, such as calcium and potassium voltage-gated ion

channels, TRPV1, P2X3, acid-sensing ion channel proteins

and G-protein-coupled receptors, are also regulated by NGF

(Park et al. 2003). All of these molecules are related to acute

pain and some of them, like SP and CGRP, are used as neu-

rotransmitters in the dorsal horn of the spinal cord. In the

case of chronic pain, the activation of afferent nerve fibers

induces the release of these neurotransmitters at the nerve

terminal after anterograde transport and stimulates mast

cells to induce inflammation. This inflammatory response

caused by neurotransmitters is termed neurogenic inflam-

mation (see Seidel et al. 2009). NGF may also have long-

term effects on nociceptors via regulation of receptor

proteins such as TRPV1, bradykinin receptors and sodium

channels (Ramer et al. 2001; Priestley et al. 2002).

Similarly, the treatment with NGF induces BDNF expres-

sion in virtually all TrkA-positive DRG neurons, whereas

normally the percentage is � 10% (Mannion et al. 1999;

Priestley et al. 2002). Importantly, there is experimental evi-

dence that peripheral inflammation results in an increased

content of BDNF in the DRGs, which is associated with
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increased and widespread BDNF release in the dorsal horn

of the spinal cord (Lever et al. 2001; Walker et al. 2001).

Interestingly, it has been observed that some unknown

components of the IVD can directly induce the expression

of NTs in DRGs. Thus, the application of SP induced a

marked increase of BDNF-immunoreactive neurons within

the superficial layer of the dorsal horn (Onda et al. 2003,

2004).

Brain-derived neurotrophic factor controls pain

transmission in the spinal cord

The induction of BDNF expression by NGF occurs in parallel

with increased release of BDNF from central nociceptive ter-

minals, i.e. at the dorsal horn of the spinal cord. BDNF pro-

duced in DRG sensory neurons is transported anterogradely

to the spinal cord where it is located in large dense-cored

vesicles in terminals of primary afferent fibers in group I

and II glomeruli in the spinal cord. BDNF modulates fast

excitatory and inhibitory signals, as well as slow peptidergic

neurotransmission in the spinal cord, and the vesicles con-

taining BDNF are the same as those that contain SP (Salio

et al. 2007). All together, this suggests that, in addition to

the roles in the spinal cord, BDNF can modulate the func-

tions mediated by small-diameter sensory neurons (see

Merighi et al. 2008). What are the implications of these

changes in BDNF levels for nociceptive processing? The dor-

sal horn is an important point of integration and processing

of nociceptive information, and BDNF appears to regulate

this system (Bennet, 2001; Pezet & McMahon, 2006; Merighi

et al. 2008).

Concluding remarks

Low back pain is a major clinical problem that results in an

important socioeconomic burden, which appears to be

increasing despite technical and therapeutic advances in its

diagnosis and treatment (see Van der Roer et al. 2005;

Dagenais et al. 2008). A common source of low back pain

might be the IVD (Deyo & Weinstein, 2001).

The biological evidence summarized in this article

strongly suggests that NTs play a role in the genesis and

maintenance of painful stimuli from degenerating IVDs.

NTs, together with extracellular matrix modifications and

some cytokines, regulate the nerve ingrowth into the IVD,

the synthesis of pain-related peptides in the IVD itself but

especially in DRGs, the synapses related to pain transmission

in the dorsal horn of the spinal cord, and the biology of the

proinflammatory cytokines. A complex network centered

on NTs, mainly NGF and BDNF, can rationally explain in part

the cellular and molecular mechanisms of discogenic pain.

Nevertheless, the pathophysiological and molecular mecha-

nisms underlying the origin of the discogenic pain must be

investigated in depth because other factors need to be

considered.

Future studies based on the roles of NTs in the IVD, and

the proposed roles for NTs regulating discogenic pain, must

be stimulated. NTs can be the targets for therapeutic strate-

gies for discogenic pain and the disruption of the patholog-

ical processes in which NTs are involved could benefit the

control of pain and prevention of the degeneration of the

IVD (see Masuda & An, 2004, 2006).

However, animal models for IVD degeneration (see Singh

et al. 2005) must be analyzed, focusing the research on ani-

mal strains with mutations in genes encoding molecules

involved in discogenic pain. Currently experiments are in

progress in our laboratory to analyze the structure of IVDs

in mouse carrying mutations in genes for NTs and their

receptors.
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